Introduction
Smoke from the burning, or combustion, of fossil fuels is a mixture of gases, vapors and particulates. By definition, soot is a black, carbonaceous component of smoke, which is produced during incomplete combustion of fossil fuels (e.g. crude oil, coal, and oil shale) and biomass. (Note that soot can also form by pyrolysis and vaporization of fossil hydrocarbons). Soot is produced from the condensation of gas phase intermediates of incomplete combustion and is composed of elemental carbon along with highly polymerized organic matter. Soot consists of submicron-scale carbonaceous particles with a characteristic acinoform morphology and cenospheres. Cenospheres * E-mail: pavle.premovic@yahoo.com are porous or hollow carbonaceous sphere-like particles (frequently in the size range of a few to several hundreds of µm diameter).
It is now universally agreed that the KPB clay layer contains an anomalous Ir concentration and that this Ir is derived from the global ejecta fallout of the impact event that occurred at Chicxulub (the Yucatan Peninsula, Mexico, Fig. 1) ; the impactor was a CI carbonaceous chondritetype body [1] . The KPB clay layer contains both asteroid and target material that has been vaporized. The global boundary layer also contains a high concentration of soot. The simultaneous presence of anomalous Ir and soot in the global boundary clay layer is remarkable in view of their separate origins: Ir from the carbonaceous chondrite bolide; soot from terrestrial sources.
Wolbach et al. [2] [3] [4] [5] [6] reported the presence of (acinoform) soot in the boundary clays from the widely sepa- rated prominent KPB marine sites at: Stevns Klint (Denmark), Caravaca and Agost (Spain), and Woodside Creek, Flaxbourne River, Chancet Rocks (New Zealand), El Kef (Tunisia), Gubbio (Italy) and Sumbar (Turkmenia), Fig. 1 . Their soot is primarily elemental carbon and rather uniform in isotopic composition, surface abundance and concentration. These marine sites are located on continental margins or epicontinental seaways and at locations distal (≥9000 km) to the proposed Chicxulub impact site. Wolbach and coauthors also analyzed soot in the boundary clays in the central Pacific (Deep Sea Drilling Site 465, 886, 576, and 803) [6] which were deposited several thousand kilometers from potential continental soot sources at the KPB and the sole proximal (≤2000 km) continental site Raton Basin (USA) ( [5] and references therein). They reported that the mean global soot abundance at the KPB (∼0.0022 g cm −2 ) is 2-3 orders of magnitude higher than in the uppermost Cretaceous. Seven sites of the above boundary clays show high amounts of soot (>0.002 g cm −2 ) and elemental carbon (≥0.010 g cm −2 ) at: Stevns Klint, Woodside Creek, Chancet Rocks, Gubbio, El Kef, Caravaca, and Sumbar. Wolbach et al. [4, 5] found that the soot has fairly constant abundance at these seven sites but it does not correlate well with extraterrestrial Ir.
Wolbach et al. [2] [3] [4] [5] suggested that the boundary clay soot originated from global-scale forest wildfires ignited promptly following the Chicxulub impact. They argued that either most of the Cretaceous forests burned down and were converted to soot or that soot could also be sourced from combustion of fossil fuels such as petroleum, coal and oil shale. (Shock heating on impact could transform oil shales by pyrolysis and gasification into a fuel source for combustion and subsequent formation of soot). These authors also suggested the ignition of global wildfires occurred soon after the impact because soot has been identified in most cases within the Ir-rich (so-called) ejecta layer. The morphology of the boundary soot, however, appears to be consistent with it being sourced from combustion of fossil hydrocarbon materials (crude oil, coal or oil shales) [7] . Gilmour et al. [8] reported that the target rocks at Chicxulub contain hydrocarbons so there is a (probably remote) possibility that the boundary soot could be produced by their evaporation. Recently, it has been proposed that a high concentration of soot in the global boundary clay layer could be derived from burning crude oil, coal or from the carbonaceous shale beds close Chicxulub [7, [9] [10] [11] [12] . This report re-examines these possibilities mathematically.
Experimental data, discussion and conclusions

The mass of crude oil burned
Let us first consider the possibility that the boundary soot was produced from the combustion of crude oil near the Chicxulub impact site. In order to estimate the mass of crude oil burned during the Chicxulub impact it is reasonable to assume that the impact-derived soot particles (as well as other submicron-scale particles) were injected into the upper part of the atmosphere (stratosphere) and dispersed more or less evenly all over the globe. Indeed, soot particles from the enormous fire triggered by the Chicxulub impact could readily and quickly reach the stratosphere after the impact and linger there for over a decade [5] . Based on measurements of soot in the boundary clays at numerous localities [2] [3] [4] [5] estimated that the KPB fires released about 7×10 16 g of soot into the stratospheres. The total mass of crude oil burned (M CO ) is given by
where Ms is the mass of soot deposited in the boundary clays (ca. 7×10 16 g), f SO is the soot mass fraction of the crude oil burned (and partly vaporized), and f SS is the fraction of soot released into the stratosphere and globally dispersed. The amount of fossil fuel converted into smoke particles close to the Chicxulub impact site would be affected by a number of factors such as type of fossil fuel, the configuration of the fossil fuel, including fossil fuel bed size, and temperature of combustion and oxygen availability. Smoke yield or the smoke emission factor for fossil fuels is defined as the mass of smoke generated per mass of fossil fuel burned. The yield of soot depends on the type of fossil fuel burned and the conditions of combustion. The soot emission factor tends to increase as fire size is increased and as oxygen supply is restricted. Combustion of fossil fuels usually occurs at relatively high temperatures and higher amounts of oxygen in the combustion process generally produce less soot. Complete combustion occurs when the proper amounts of fossil fuel and oxygen (fossil fuel/oxygen ratio) are mixed for the correct amount of time under the appropriate conditions of turbulence and temperature. Complete combustion, in theory, produces practically no soot. The average smoke yield for crude oil, determined from laboratory experiments by Ransohoff et al. [13] , was about 75 g kg −1 of oil burned and of that about 70% of the smoke was emitted in the form of elemental carbon, i.e. soot (f SO ∼5%). In general, the soot emission factor for crude oil is about 3 to 10% [14] . Burning of crude oil triggered by the Chicxulub impactor would cover a very large area and would occur at rather high temperatures. Indeed, during the Chicxulub impact, vaporized/melted material was ejected into the very hot (average temperature of 2000 -3000 K) and rapidly expanding impact plume. In addition, modeling studies indicate that radiation of this plume could reach up to 2000 -3000 km from the crater [15] . For comparison, an average 400-kt nuclear explosion (airburst) is capable of burning an area of up to 300 to 500 km 2 ([14] and references therein). Models suggest that the impact at Chicxulub was a million times more energetic than the largest nuclear bomb ever tested. Thus, it is plausible that the very hot Chicxulub plume would increase the combustion efficiency of crude oil, converting it to CO 2 and water and generating less soot. In addition, in the expanding and highly oxidizing impact plume [16] a significant percentage of soot could also be combusted [5] .
The oxygen concentration in the vicinity of the Chicxulub impact site might be reduced, due to high winds, or oxygen consumption in the impact plume. Thus, combustion of crude oil triggered by the Chicxulub impact could result in higher soot production efficiency than would normally be found, thereby elevating soot production. Thus, it seems that the average soot yield f SO during the boundary impact was probably somewhat lower or higher than during the laboratory experiments mentioned, i.e., 5%. Using this emission factor, one can calculate that M CO equals about 1.4×10 18 g. In estimating M C O , I also assume that the soot mass fraction (f SS ) released into the stratosphere after the impact and globally dispersed is about one. Actually, there is good reason to believe that f SS is probably distinctly lower than this value. Indeed, according to model calculations carried out by Durda et al. [17] , the ejected material of the Chicxulub impact escaping the Earth would be greater than 20 -30%. In addition, a significant part of soot probably would rise up only to the troposphere and lower stratosphere. Much of this soot could fall to the lower troposphere and eventually be washed out by rain or removed by dry deposition.
Harvey et al. [12] , emphasize that the Chicxulub impact crater is located adjacent to the very large Cantarell oil reservoir in the southern Gulf of Mexico, suggesting that abundance of fossil hydrocarbons in the Chicxulub target rocks was likely to have been above global mean crustal abundance. The formation of the Cantarell oil field is a direct consequence of the KPB impact [18] and it belongs to the giant supercharged Pimienta-Tamabra petroleum system, Fig. 1 . This system is the most important in the southern Gulf of Mexico and has a cumulative production and remaining reserves of about 10 16 g of known petroleum. (The Oil and Gas Journal estimated that as of 2007, there were 12.4 billion barrels of proven oil reserves in Mexico. This corresponds to around 2×10 15 g of crude oil). The total proven crude oil and natural gas reserves of the world now stand at around 2×10 17 g; estimates are that there is about 5×10 17 g of crude oil and natural gas in the Earth's crust. (World Energy CouncilSurvey of Energy Resources 2010). Of course, oil reserve estimates cited above all refer to "proven", and there may be that much more has not been found. [11] suggested that the mean global surface density of soot (d) found in the boundary clays is about 0.012 g cm −2 assuming that all elemental carbon is in the form of soot. This estimate is based on the abundance of black carbon (acinoform soot) in these clays reported by [4, 5] . Accepting this value for d, the appropriate amount of fossil hydrocarbons burned would be then enormously high ∼10 19 g. Harvey et al. [12] calculated that about 10 18 to 10 19 g of fossil hydrocarbons is required for a global layer of carbon cenospheres at the KPB. Finally, Wolbach et al. [4, 5] reported that the fraction of the crude oil (f SY ) at the KPB converted to elemental carbon and dispersed as smoke ( "soot yield") is about 0.011 g cm −2 . Then the crude oil mass M CO required to supply this yield is M CO = Af SY and M CO equals 1.1×10 18 g. Thus, it is reasonable to assume that the amount of crude oil burned at the Chicxulub impact was between 10 17 -10 19 g. If this is correct then it is hard to believe that the Chicxulub impact burned (and partly vaporized) 100 -1000 times crude oil then potentially present in this immense Pimienta-Tamabra oil field or about 2 -50 times of the world oil and natural gas reserves or 0.2 -20 times petroleum and natural gas in the crust. Moreover, the theoretical calculations by Toon et al. [20] indicate that about about 3×10 17 g of submicrometer component of the Chicxulub impact ejecta rose up to the stratosphere and distributed globally. If this is correct then this component would contain an unbelievable >30% of soot. The crude oil of the Pimienta-Tamabra petroleum system is derived from the Late Jurassic source rock and its expulsion started in the Eocene [21] . The age of reservoir rocks occurs both slightly before and after that of the source beds. Thus, high concentrations of soot and cenospheres in the boundary clays worldwide can be only derived from incomplete combustion of coal beds or fossil hydrocarbons from Jurassic-Cretaceous carbonaceous shales in the neighborhood of the Chicxulub impact. (A quick check, however, shows no coals beds in the area close to Chicxulub. The nearest and most important potential sources are in the Sabinas basin in the northern Mexico mostly of the Late Cretaceous period, Fig. 1 ) But, burning (and partly vaporization) of fossil hydrocarbons of the carbonaceous shales and burning coal beds close to Chicxulub would not serve much better as the source of the boundary clays soot worldwide. Indeed, the proven coal reserves are estimated to be about 10 15 g in Mexico and on Earth about 10 18 g; total world resources of shale oil are conservatively estimated at about 10 18 g [World Energy Council -Survey of Energy Resources 2010]. In addition, as far as I am aware, no evidence has been yet discovered to support burning of an enormous amount of fossil hydrocarbons more or less close to the Chicxulub impact.
In conclusion, it seems unlikely that fossil hydrocarbons near the Chicxulub impact site contributed significant amounts of soot in the boundary clays worldwide.
